The DNA-dependent RNA polymerase of vaccinia virus contains 8 to 10 virus-encoded polypeptides. We have mapped the gene encoding an 18-kilodalton RNA polymerase subunit to D7R, the seventh open reading frame of the Hindlll D genomic subfragment. Localization of this gene was achieved by using antibody to the purffied RNA polymerase for immunoprecipitation of the in vitro translation products of in vivo-synthesized early mRNA selected by hybridization to cloned DNA fragments. The identification was confirmed by translation of D7R transcripts made in vitro with bacteriophage T7 RNA polymerase. The phenotypes of two previously isolated conditionally lethal temperature-sensitive mutants that map to D7R (J. Seto, L. M. Celenza, R. C. Condit, and E. G. Niles, Virology 160:110-119, 1987) In contrast, no protein homologous to the vaccinia virus 22-kDa polymerase subunit has been identified.
Vaccinia virus is a large double-stranded DNA virus that replicates in the cytoplasm of the host cell. The 185-kilobasepair (kbp) genome encodes most, if not all, of the enzymes required for DNA replication and transcription, including a DNA polymerase, a DNA-dependent RNA polymerase, a poly(A) polymerase, and RNA capping and methylating enzymes (24) . The expression of vaccinia virus genes is temporally regulated. Transcription of early genes is mediated by enzymes and factors packaged within the virion and begins immediately after infection, whereas viral DNA replication must precede the expression of late genes. The mechanisms underlying the transcriptional switch are not well understood, although different cis-and trans-acting factors are clearly involved (B. Moss, Annu. Rev. Biochem., in press).
The DNA-dependent RNA polymerase of vaccinia virus is a multisubunit enzyme (2, 25) composed of two large subunits of 147 and 132 kilodaltons (kDa) and six to eight small subunits of 17 to 34 kDa, all of which appear to be virus encoded (18) . Whether all of the polypeptides represent unique gene products, however, has not been reported. The genes for the two large and one of the small 22-kDa RNA polymerase subunits of vaccinia virus or the closely related cowpox virus have been sequenced (4, 30) . The predicted amino acid sequence of the large subunits showed significant similarity to the corresponding procaryotic RNA polymerase subunits and even greater similarity to the eucaryotic ones.
In contrast, no protein homologous to the vaccinia virus 22-kDa polymerase subunit has been identified.
Poxviruses offer an excellent opportunity to combine biochemical and genetic approaches to the study of transcription. As a prerequisite, however, it is necessary to identify the genes encoding all of the enzymes and factors needed for RNA synthesis. In this report, we have located the gene (rpol8) for the 18-kDa subunit of vaccinia virus RNA polymerase. In addition, we found that the early transcripts of rpol8 and two other genes contain short 5' poly(A) leaders previously associated with late mRNAs. MATERIALS Selection of viral RNA, in vitro translation, and immunoprecipitation. Preparation of RNA by CsCl centrifugation and DNA hybridization was as described previously (7, 17) . Early RNA was obtained from HeLa cells at 4 h after infection with 10 PFU per cell of vaccinia virus in the presence of 100 jig of cycloheximide per ml. Late RNA was isolated 6 h after infecting HeLa cells in the absence of cycloheximide. The in vitro transcript of the rpol8 gene was synthesized from linearized pT7rpol8 DNA by using T7 RNA polymerase and a cap m7G(5')ppp(5')G primer (26 Conditions used for tailing of cDNA by the terminal deoxynucleotidyl transferase were as described previously (22) .
Sources of materials. Restriction enzymes, T4 polynucleotide kinase, T4 DNA ligase, S1 nuclease, terminal deoxynucleotidyl transferase, and avian myeloblastosis virus reverse transcriptase were purchased from Boehringer Manheim Biochemicals. Sequenase was from United States Biochemicals Corp. The in vitro transcription system, including the T7 RNA polymerase and the rabbit reticulocyte lysate, were obtained from Promega Biotec. The Bluescript vector was from Stratagene. Taq polymerase and the thermal cycler used in PCR were products of The Perkin-Elmer Corp. Oligonucleotides were made by an Applied Biosystems DNA synthesizer 380B. Radioactive nucleotides were from Amersham Corp. Other reagents including dideoxynucleotides were purchased from Pharmacia, Inc.
RESULTS
Identification of the rpol8 gene. We demonstrated previously that antiserum to the purified vaccinia virus RNA polymerase specifically immunoprecipitated the in vitro translation products of early viral mRNAs (18) . By using genomic subfragments to isolate mRNAs by hybridization, the approximate locations of several RNA polymerase genes were determined. Thus, the mRNA encoding a subunit of (Fig. 1A, lane 4) , the 10.8-kbp KpnI-HindIII subfragment (Fig. 1A, lane 3) , or the 3.3-kbp Sall-Sall subfragment (Fig. 1A, lane 6) . No translation products were immunoprecipitated from extracts programmed with RNAs that hybridized to other subfragments of HindIlI D DNA (Fig. 1A, lanes 1, 2, 5 , and 7), suggesting that only one RNA polymerase subunit is encoded in this region of the vaccinia virus genome.
The nucleotide sequence of the entire HindIll D fragment was reported by Niles et al. (27) . Examination of the nucleotide sequence of the 3.3-kbp SalI-Sall segment indicated the presence of two major open reading frames (ORFs), D6R and D7R, with capacities to encode polypeptides of 68,362 and 17,892 daltons, respectively. The polypeptide encoded by D7R (from nucleotide 8,768 to 9,250) was considered to be a strong candidate for the RNA polymerase subunit, based on the similarity of its predicted molecular mass to the 19 kDa estimated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis of the immunoprecipitated polypeptide. In order to confirm this prediction, the D7R ORF was cloned into a vector containing a bacte- (Fig. 1C) . Based on these results, we concluded that the D7R ORF encodes a subunit of the vaccinia virus RNA polymerase and named this gene rpol8, according to its predicted molecular mass of 17,892. In a global computer search with the FASTA program (31), we could not find any sequence with significant similarity to rpol8 among either the translated nucleic acid sequences of GenBank (release 61) or the NBRF protein sequence library (release 21).
5' poly(A) leader in the transcript of rpol8. The 5' end of the rpol8 transcript was analyzed by the nuclease S1 procedure by using a 5'-end-labeled, single-stranded complementary DNA probe prepared by PCR. A major 5' end was detected with early RNA (Fig. 2, lane 2) but not with late RNA (Fig. 2, lane 3) . By comparison with a sequence ladder in the same gel, from a primer extension experiment to be described shortly, the 5' end of the rpol8 transcript was (20) , who also demonstrated by Northern (RNA) blotting analysis that this gene is transcribed early in infection (21) . If the nuclease Si mapping were accurate, at most only a few nucleotides would precede the coding sequence of the mRNA. The potential of an extremely short untranslated leader of the D7R transcript and the presence of the 5'-TAAATG-3' DNA sequence which is conserved in many genes of the late class led us to consider that this RNA may contain a 5' poly(A) leader similar to those found naturally in late mRNAs (3, 35) . Since such a leader would not have a DNA complement to hybridize with, it would not have been detected in the Si analysis described above. Therefore, a probe with a poly(dT) sequence in the complementary strand immediately upstream of the coding region of the rpol8 gene was synthesized. Nuclease Si analysis of the early RNA with this poly(dT) probe generated protected fragments longer in size (Fig. 2, lane 5) than those protected by the completely complementary probe (Fig. 2, lane 2) , consistent with our prediction of a poly(A) leader immediately preceding the translational initiation codon. From the multiple bands, the length of the leader appeared to vary from 3 to 14 nucleotides, although some of this heterogeneity might have resulted from "nibbling" of A-T base pairs by nuclease Si.
Additional methods were used to confirm the presence of the poly(A) leader. Primer extension analysis of the early RNA yielded an array of bands similar in length to those protected from nuclease Si by the dT probe and longer than those protected by the completely complementary probe (Fig. 2 ). Efforts were made to determine the sequence of the 5' ends by using dideoxynucleotides. The nucleotides complementary to AAATG could be read easily, but the sequence above this was ambiguous, probably due to the length hetrogeneity (Fig. 2) . The latter problem was overcome by cDNA cloning.
A partial first-strand cDNA of the rpol8 transcript was synthesized by reverse transcriptase extension of the c primer, which is complementary to the sequence from 56 to 78 base pairs downstream of the translational initiation codon. A homopolymeric (dG) tail was added to the 3' end of the cDNA, and the latter was then amplified into doublestranded DNA by 25 cycles of PCR by using the c primer and a synthetic primer, 5'-GGAAGCTT(C)20-3'. The HindlIl restriction site in the latter primer was designed for the subsequent cloning of the amplified DNA into a plasmid vector. Recombinant bacterial colonies were picked, and a sequence analysis of several cDNA clones revealed the presence of poly(dT), which varied between 6 and 10 nucleotides in length, followed by the oligo(dG) tail (Fig. 3) . These results unambiguously identified the structure of a poly(A) leader present in the early transcript of the rpol8 gene.
Poly(A) leaders in other early transcripts. It was important to determine whether similar poly(A) sequences are present in other early mRNAs. Among those genes that were previously characterized as belonging to the early class, several have the TAAATG sequence at or near the experimentally determined RNA start site. These include the gene for the viral DNA polymerase (ORF E9L [11] ), a candidate gene for a 20-kDa subunit of RNA polymerase (ORF A6R; Ahn et al., unpublished data), a gene encoding an 82-kDa polypeptide essential in viral DNA replication (ORF D5R [13, 33] ), and an RNA capping enzyme subunit gene (ORF D12L [28] ). Each of these genes, as well as rpol8, contains elements of the early promoter critical region sequence (8) bold letters (Fig. 4) , which have been used to line up the promoters. The TAAAT sequences occur 11 to 15 nucleotides downstream of the critical region, in accordance with the predicted locations of early RNA start sites (8) . An analysis of the 5' ends of early E9L transcripts is shown in Fig. 5 . By using a complementary probe, nuclease S1
analysis indicated major RNA start sites near the TAAAT sequence, consistent with the previous results of Earl et al. (11) . As before, an array of longer protected fragments was obtained with a poly(dT) probe. The reverse transcriptase primer extension products were similar in length to the fragments protected by the poly(dT) probe and were consistent with a short 5' poly(A) leader of about 4 to 12 nucleotides. Very similar results also were obtained upon analysis of the 5' ends of the early A6R transcript (not shown). These data suggest that the 5' poly(A) leader is a feature shared by at least several early genes and therefore is not exclusively a function of late transcription. 
DISCUSSION
The vaccinia virus DNA-dependent RNA polymerase contains two large subunits and multiple small ones. Of the genes for the small subunits, only the one encoding a 22-kDa polypeptide had been mapped previously (4) . Our identification of the D7R ORF as the gene encoding a subunit of about 19 kDa was based on the immunoprecipitation of the appropriate size translation products of in vivo and vitro transcripts with antibody to vaccinia virus RNA polymerase. This gene is essential, since two temperature-sensitive mutants have been mapped to the same ORF (36) . Moreover, the phenotypes of these temperature-sensitive mutants are similar to those found for mutants of the 147-and 22-kDa RNA polymerase subunits (12, 15) . At the nonpermissive temperature, normal levels of early gene expression and DNA replication occur but late gene expression is severely diminished (5, 6) . Apparently, the RNA polymerase packaged into virus particles at the permissive temperature (and used for early gene expression) is not sensitive to later elevations of temperature, whereas the RNA polymerase synthesized at the nonpermissive temperature (and used for late gene expression) is temperature sensitive.
In contrast to the sequence similarity between the two large subunits of poxvirus RNA polymerase and corresponding subunits of procaryotic or eucaryotic origin, the predicted amino acid sequence of rpol8 shows no significant similarity to the sequence of any known genes. Since few eucaryotic RNA polymerase small-subunit sequences have been published (19, 23, 38) (16) have found the poly(A) leader on another, suggesting that the structure is associated with the sequence rather than with the regulatory class of the promoter. This idea is further supported by mutagenesis of an early cowpox virus promoter (16) .
Although the precise mechanism of poly(A) formation has not been determined, the data point to an RNA polymerase slippage mechanism requiring three consecutive A residues and influenced by neighboring sequences (9, 10, 16, 34 (8) that it is not essential for transcription. However, the poly(A) leader could be important for translation, since the predicted initiation codon for each of the early genes listed in Fig. 4 is contained within the TAAATG. Without the poly(A) addition to the 5' end, the untranslated leader would be virtually nonexistent. Studies to determine the mechanism of formation and function of poly(A) leaders on early mRNAs are in progress.
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